Introduction/Purpose: To assess the utility of measurement methods that may be more accurate and precise than traditional questionnaire-based estimates of habitual physical activity and sedentary behavior we compared the measurement properties of a past year questionnaire (AARP) and more comprehensive measures: an internet-based 24-h recall (ACT24), and a variety of estimates from an accelerometer (ActiGraph). Methods: Participants were 932 adults (50-74 yr) in a 12-month study that included reference measures of energy expenditure from doubly labeled water (DLW) and active and sedentary time via activPAL. Results: Accuracy at the group level (mean differences) was generally better for both ACT24 and ActiGraph than the AARP questionnaire. The AARP accuracy for energy expenditure ranged from j4% to j13% lower than DLW, but its accuracy was poorer for physical activity duration (j48%) and sedentary time (j18%) versus activPAL. In contrast, ACT24 accuracy was within 3% to 10% of DLW expenditure measures and within 1% to 3% of active and sedentary time from activPAL. For ActiGraph, accuracy for energy expenditure was best for the Crouter 2-regression method (j2% to j7%), and for active and sedentary time the 100 counts per minute cutpoint was most accurate (j1% to 2%) at the group level. One administration of the AARP questionnaire was significantly correlated with long-term average from the reference measures (Q TX = 0.16-0.34) overall, but four ACT24 recalls had higher correlations (Q TX = 0.48-0.60), as did 4 d of ActiGraph assessment (Q TX = 0.54-0.87). Conclusions: New exposure assessments suitable for use in large epidemiologic studies (ACT24, ActiGraph) were more accurate and had higher correlations than a traditional questionnaire. Use of better more comprehensive measures in future epidemiologic studies could yield new etiologic discoveries and possibly new opportunities for prevention. Key Words: ACCELEROMETER, CALIBRATION, EXERCISE, MEASUREMENT ERROR, POSTURE, SITTING E pidemiologic studies using questionnaire-based measures of habitual moderate-vigorous intensity exercise (e.g., in the past year) and highly prevalent sedentary behaviors, such as television viewing, have provided essential evidence that physical inactivity is associated with increased risk for early mortality, cardiometabolic diseases (1,2), and several cancers (1). Although questionnaires have identified many activity-disease associations supporting development of physical activity recommendations (1), they have two basic problems that limit further progress. First, questionnaires are subject to considerable measurement error resulting from the cognitive challenges involved with accurately reporting one_s long-term average of complex behaviors that vary substantially within and between days and by season, for instance (3,4). Second, questionnaires used in most cohorts do not assess the full spectrum of sedentary behaviors or lower-intensity activities of everyday living (3,5); distinct classes of behavior that may have relevant health effects. In prospective studies, these two problems result in the underestimation of the strength of the observable associations (attenuation), false-negative results (6), and limit our ability to test critical hypotheses about behaviors that are not routinely measured (5).
Rapid development of wearable sensors and mobile communication technologies has dramatically reshaped the potential for measuring human behavior in large-scale epidemiologic studies, possibly offering solutions to these exposure assessment problems. Both accelerometer-based (7, 8) and previousday recall instruments (9,10) often have higher validity than questionnaire-based measures of these behaviors (11) , and both methods can measure the full spectrum of daily activities. Taking advantage of new technologies to apply better measures in future studies could lead to stronger associations and less controversy, expansion of our already extensive evidence base, and ultimately fresh opportunities for prevention. However, the improvements in fidelity associated with these new measures for estimating long-term average behaviors compared with questionnaires is uncertain, and differences in the measurement properties between accelerometerbased measures and previous-day recalls are not well characterized.
Thus, our primary objective was to examine the measurement properties of a past year questionnaire; an internetbased previous-day recall; and measures derived from the ActiGraph accelerometer-all compared with high-quality reference measures of energy expenditure (12) and sedentary and physically active time from activPAL. A secondary objective was to describe the measurement properties of historically relevant ActiGraph calibration methods.
METHODS

Study Design
The Interactive Diet and Activity Tracking in AARP (iDATA) study was designed to evaluate a variety of diet and physical activity measures suitable for use in epidemiologic studies. Participants were a convenience sample of AARP members (50-74 yr) from Pittsburgh, PA, who spoke English, had internet access, were not on a weight-loss diet, had a body mass index (BMI) G 40 kgIm j2 , and were free of major medical conditions and mobility limitations. Initial contact was made via automated phone call and invitation letter directing those interested to contact the study (see Figure, Supplemental Digital Content 1, Participant recruitment, http:// links.lww.com/MSS/B38). The study was approved by the NCI Special Studies Institutional Review Board. All participants signed informed consent and those who completed the full study received US $450. Participants visited the study center up to three times over 12 months and completed several diet and physical activity measurements. Figure 1 shows the physical activity measurement schedule for group one (see Tables for full measurement 
Reference Measures
Doubly labeled water and resting energy expenditure. Total energy expenditure (TEE) was measured via doubly labeled water (DLW) (12) using established methods (13, 14) . The method is accurate compared with indirect calorimetry (T2%) with an individual level precision of 5% to 7%. Resting energy expenditure (REE) pred was estimated using the Mifflin-St. Jeor equation (15) , developed on 498 adults (19-78 yr; R 2 = 0.71). It has been cross-validated in men and women (20-78 yr) classifying 82% of nonobese adults within 10% of measured REE (16) . Thirty-two participants repeated TEE and REE pred measures (6 months apart).
activPAL. activPAL 3D (PAL Technologies, Glasgow, SCT) is an accelerometer worn on the mid-right thigh. It estimates time spent lying, sitting, standing, stepping, and nonwear time. Participants were asked to wear it continuously (24 h) for seven consecutive days and to record the date/time they got out of bed in the morning and into bed each night to determine the ''waking day.'' Sedentary behavior was estimated as time sitting or lying during the waking day, and active time as the sum of standing and stepping, consistent with recent Sedentary Behavior Research Network definitions/ concepts (17) . This approach assumes that behaviors done while standing are in the physically active category. Accuracy for posture in laboratory settings is 90% to 100% (18) , and there is strong agreement (R 2 = 0.94-0.96) versus direct observation in free-living studies (10, 19) . Two 7-d administrations were obtained 6 months apart (Fig. 1) .
Test Measures
AARP physical activity and sedentary behavior questionnaire. This questionnaire asked, during the past 12 months, how much time participants spent in sleep, physical activity, and sitting. The physical activity questions include eight items focused on exercise and sports that have been evaluated previously (20) , and eight focused on nonexercise activities (e.g., household chores, lawn and garden, daily walking; see Figure, Supplemental Digital Content 5, AARP physical activity questionnaire, http://links.lww.com/MSS/ B42). Sitting and nonexercise portions of the survey have not been evaluated previously, but have been associated with mortality (21) . The AARP survey was administered twice, 6 months apart (Fig. 1) .
Activities completed over time in 24 h. Activities completed over time in 24 h (ACT24) is an internet-based previous-day recall designed to estimate total time (hId j1 ) spent sleeping (in bed), sedentary, and in physical activity, and to estimate energy expenditure associated with these behaviors (METIhId j1 ). Building on content and methods developed and refined previously (6,10), we developed a self-administered internet-based recall that captures details about individual behaviors over 24 h. To complete ACT24, respondents select from more than 200 individual activities, record the duration of each, and answer pertinent follow-up questions including body position (see Image, Supplemental Digital Content 6, ACT24 screen-shot, http://links.lww.com/ MSS/B43). Sedentary behaviors were defined as those performed during the waking day (out of bed) while sitting or reclining and that require little energy expenditure (typically G 1.8 METs). In contrast, active behaviors were those involving an upright posture, or performed in any posture with higher MET levels. Participants were cued via email to complete up to six recalls during the 12-month study, one recall every other month (Fig. 1) . Further ACT24 information is available on request.
ActiGraph measures. ActiGraph (model GT3X) is a triaxial accelerometer and participants were asked to wear the monitor on the right hip for 7 d from the time they got out of bed for the day until they went to bed for the night. It was initialized to record triaxial acceleration in 1-s epochs with the low-frequency extension enabled. On/off logs were used to confirm wear dates, estimate the waking day, and the Choi algorithm was used to estimate nonwear time during this period. We selected scoring methods reflecting the evolution of the underlying ActiGraph technology and its calibration methods over last 20 yr (22) (23) (24) (25) (26) (27) . See Table, Supplemental Digital Content 7, Detailed description of ActiGraph calibration methods, http://links.lww.com/MSS/B44). Two expenditure prediction equations were derived from calibration studies that used ambulatory activities to develop linear equations from 60-s epoch acceleration signals from the vertical (Freedson (22) ) or three-dimensional axes (Sasaki (23) ). Two equations were calibrated to a broad range of activities and used shorter epochs and more sophisticated modeling. The Crouter method (24) applies two-regression equations developed from 18 activities to estimate energy expenditure from activity counts (vertical axis). Sojourn 3x (Soj3x) (25) uses three-dimensional acceleration features from 1-s epochs and hybrid machine learning and neural networks trained on approximately 30 activities (28) to classify behaviors and estimate energy expenditure. Sedentary and active time was estimated from Crouter and Soj3x and two cutpoint methods; 100 counts per minute vertical axis (100VT; (26) ) and 200 counts per minute, vector magnitude (200VM) (27) . We also calculated time spent in nonsedentary light (G3 METs) and moderate-vigorous intensity activity (3+ METs) using the above methods, and common cutpoints (22, 29) . Two 7-d ActiGraph administrations were obtained 6 months (Fig. 1) . 
Calculation of Indices for Total and Physical Activity Energy Expenditure
We calculated TEE from the test measures using their energy cost estimates (METIh) for time in bed (sleeping), sedentary, and in physical activity using REE pred from the Mifflin-St Jeor equation, including an addition of 10% of TEE for the thermic effect of food. For all measures, physical activity energy expenditure (PAEE) was calculated as PAEE = (TEE Â 0.9) -REE pred ; physical activity index (PAI) as PAI = PAEE/body mass (30) . We also calculated physical activity levels (PAL = TEE/REE pred ).
Statistical Methods
First, for our reference measures we described the mean (SD) of their summary metrics and evaluated their variation over 6 months using correlations. Second, to assess the overall accuracy of our test measures at the group level, we calculated the mean (SD) of all available data for each measure and then calculated mean differences (SD) between these values and our reference measures (DLW, 1 administration; activPAL, mean of all valid days) and conducted t tests of these differences. We then modeled the error structure of each test instrument using the replicate measures of each (i.e., replicate administrations of AARP and replicate days of observation for ACT24 and ActiGraph) while accounting for intraindividual variation in our reference measures. To do so, we assumed each instrument_s objective was to estimate the long-term (yearly) average of the summary metric (e.g., PAEE). Let T i be the true long term average. Then, we modeled the test instrument_s value of that metric at time j ¶ as Q ij ¶
where À Á is a random variable representing intra-individual variability and measurement error. We then estimated model parameters: bias (A 0 ), slope (A 1 ), and relevant variances including total variance
), and the percent of variance attributable to person-specific bias (P R ¼ 100R 2 R =V ) and random error (P ? ¼ 100R 2 ? =V ). We estimated these parameters by incorporating information from the reference instruments. We modeled the reference instrument_s value at time j as F ij
where U ij e N 0; R 2 U À Á is a random variable representing intra-individual variability and measurement error. Then the combined data follows a multivariate normal described by equations 1 and 2. For example, if we consider DLW and the AARP questionnaire as the reference and test instruments, the data for an individual with two measures from each instrument would follow equation 3
We can obtain estimates by maximizing the complete likelihood (over all subjects and replicate measures) using the mle function in R and obtain standard errors by the bootstrap procedure. When the test and reference instrument occurred during overlapping periods (i.e., same day of activPAL and ActiGraph measures), we allowed the error terms, U ij ¶ and ? ij , to be correlated. Note, this approach incorporates the subgroup with replicate DLW measures and the number of measures per subject can differ across subjects. We then estimated the correlation, Q TX , between X replicates of the test instruments (i.e., number of AARP administrations or days of ACT24 and ActiGraph), and the true yearly average
and we estimated the corresponding attenuation factor, L X ,
As X increases, random error is reduced and the correlation and the attenuation factors increase.
RESULTS
A total of 932 participants completed baseline measures and had valid reference measures for TEE (n = 689) or activPAL (n = 932), see Table 1 . From 9,553 valid activPAL days we had a mean of 10.3 d per participant. There were 5009 valid ACT24 recalls (5.4 recalls/participant (SD = 1.1)), 24.2 episodes (SD = 7.9) of sedentary and active behaviors per recall, and median completion time was 30 min. There were 8731 valid ActiGraph days, and a mean of 9.3 d (SD = 3.5 d) per participant. Evaluation of intraindividual variability over 6 months in our reference instruments revealed TEE from DLW to be relatively stable for all participants (r = 0.81), but physical activity indices were more variable (r = 0.57-0.65; see Table, Supplemental Digital Content 9, Six-month correlations, http://links.lww.com/ MSS/B46). Using the mean of valid days in each period, activPAL stability was r = 0.62 to 0.65 overall. Stability was marginally higher in men than women for both reference measures.
Average accuracy (mean differences) of TEE reported on AARP and ACT24 were similar to DLW (within 3%-4%), whereas ActiGraph TEE measures ranged from j21% to j2% lower than DLW (Table 2 ). In terms of PAEE, PAL, and PAI, accuracy for AARP and ACT24 was often similar, but AARP Participant characteristics, N = 932 all participants; n = 461 men; n = 471 women. DLW: n = 689, all participants; n = 339 men; n = 350 women. activPAL: N = 932, all participants; n = 461 men; n = 471 women. P = test of differences by sex.
underestimated activity duration by 48% and sedentary time by 18%, whereas ACT24 was within 1% to 3% of activPAL values. The most accurate ActiGraph expenditure estimates were from Crouter, whereas 100VT was most accurate for active and sedentary time. Overall, the accuracy for ACT24 and ActiGraph measures were better than AARP, and ACT24 and ActiGraph methods were often comparable. We also examined accuracy by sex and BMI and did not find large consistent differences in both reference measures (see Tables,  Supplemental Digital Next, using measurement error models, we evaluated the ability of test instruments to estimate the yearly average of each metric (Table 3 ). Comparing self-report methods across all metrics, the AARP questionnaire had flatter slope terms reflecting larger amounts of systematic error (i.e., less sensitivity) than did ACT24, particularly for active and sedentary time. ACT24 also had less person-specific bias than AARP, but a single ACT24 recall usually had more random error. Better results, larger slope terms, and less person-specific bias and random error, were also noted for ActiGraph in comparison to AARP. The ACT24 and ActiGraph often had comparable slope terms (except for PAL) and personspecific bias, but random error was greater for ACT24.
We then evaluated correlations between the long-term average from our reference measures and a given number of replicates of each test instrument. Although one administration (replicate) of AARP had significant positive correlations for physical activity and sedentary behavior overall (Q TX = 0.16-0.34; see Figure 2 , just 1 d (replicate) of ACT24 Reference measures for DLW are first administration, whereas values for activPAL are averages of all valid days. *Nonsignificant difference from reference measure, P 9 0.05. SD difference, SD of difference scores; percent difference = mean difference/reference mean; AG, ActiGraph.
or ActiGraph had equal or higher correlations (Q TX = 0.33-0.66). Four ACT24 recalls had substantially higher correlations overall (Q TX = 0.48-0.60), as did 4 d of ActiGraph (Q TX = 0.54-0.87). There were differences in patterns of correlation in men and women (Fig. 2) . For expenditure metrics, AARP correlations were higher in men than women, whereas for ACT24 and ActiGraph, the reverse was true. Among women, there was more variation in strength of the correlations between ACT24 and ActiGraph, with device-based measures having higher correlations than ACT24, but there were minimal differences in men. Comparing strength of the correlations between older simpler ActiGraph calibration methods (Freedson, 100VT) to newer and more sophisticated methods (Crouter, Soj3x), the correlations were modestly stronger in women for newer methods, but differences in correlation strength between older and newer methods were not evident in men. Next, to describe the impact of measurement error induced attenuation in the context of an epidemiologic study, we calculated attenuation factors (L x ; see Table, Supplemental Digital Content 13, Attenuation factors by sex, http://links.lww. com/MSS/B50) and the associated reduction in observable relative risk, assuming a true RR of 4.0 (i.e., RR obs = 4.0 Lx ). Sex differences here were generally small and inconsistent across test instruments, so we present results for all participants (Fig. 3) . A single administration (replicate) of the AARP questionnaire would find RR obs of 1.36 to 1.38 for physical activity and only an RR obs of 1.10 for sedentary time when the true association was 4.0. In contrast, four ACT24 replicates would find RR obs of 1.84 to 1.87 for both physical activity and sedentary time, whereas four ActiGraph replicates would find RR obs of 2.03 to 2.64. Freedson PAEE estimates unexpectedly produced attenuation factors greater than 1.0 due to flattened slope terms and total variance values that were lower than the DLW measures, resulting in RR obs 9 4.0 (Fig. 3, top panel) .
To correlations with Soj3x were lower for AARP (light, r = 0.23; moderate-vigorous, r = 0.25) compared with ACT24 (light, r = 0.34; moderate-vigorous, r = 0.47).
DISCUSSION
In this free-living evaluation of three distinct exposure assessment methods suitable for use in large epidemiologic studies, we found evidence of significant correlations for a past-year questionnaire (AARP), but this instrument underestimated physical activity duration by 48% and sedentary time by 18%. In comparison, an internet-based previous-day recall (ACT24) and an accelerometer (ActiGraph) provided better accuracy, perhaps because of their more complete coverage of common daily activities, and these instruments also were more strongly correlated with the reference measures. In addition, the lower measurement errors in ACT24 and ActiGraph were predicted to result in less attenuation in observed risk estimates compared with the AARP questionnaire. Notably, ACT24 often had correlations of similar strength as ActiGraph, although the accelerometer was predicted to produce less attenuated risk estimates. Overall, these findings suggest that either ACT24 or accelerometer-based measures of long-term average behavior may overcome the two major limitations of traditional physical activity questionnaires. Below, we discuss findings for our self-report measures (AARP, ACT24), the ActiGraph, and then all methods in context of possible application in future epidemiologic studies.
Questionnaires which rely on long-term recall to assess habitual behaviors have been the mainstay of physical activity epidemiology, and their weaknesses have been widely discussed (e.g., (4, 5) ). Nevertheless, consistent with previous studies (5, (31) (32) (33) , the AARP questionnaire demonstrated some utility for ranking participants, with significant correlations ranging from 0.33 for PAEE to 0.16 for sedentary time with one administration. However, the limited accuracy at the group level for total physical activity duration (j48%) and sitting time (j18%) suggests incomplete assessment of these behaviors and points to challenges in translating etiologic associations derived from this tool to public health practice. Two studies recently evaluated more comprehensive physical activity and sedentary time questionnaire and reported marginally higher correlations with PAEE from DLW of r = 0.40 (34) and r = 0.46 (32) , and a correlation of r = 0.27 for sedentary time vs. accelerometer (32) . Correlations for the AARP-based measures of sedentary time were lower but in line with those derived from a single sitting time question versus activPAL (35) . In contrast, ACT24 had minimal bias (G10%) and just four replicates had higher correlations for PAEE (r = 0.53), active time (r = 0.58), and sedentary time (r = 0.60) than the AARP survey. These findings are in line with other previous-day recall studies in adults (10, 36) . Overall, our findings suggest that ACT24 can produce estimates of physical activity and sedentary time that have less bias and are more strongly correlated with strong reference measures than traditional questionnaires, presumably because it is more accurate for participants to report what they did yesterday than what they did last year.
Our results for ActiGraph were also stronger than those for AARP, although there were substantial differences in accuracy of the monitor-based estimates depending on the processing/ calibration method evaluated. Otherwise, our ActiGraph results for rank-ordering participants (correlations) were largely consistent with previous studies. They also suggest that newer calibration methods provided modest improvements over earlier methods for this purpose. Jeran and colleagues (37) systematically reviewed 19 accelerometer-DLW studies and reported a median correlation for PAEE of r = 0.50, primarily from first generation accelerometers using simple summary metrics (e.g., activity counts). Here, we focus on correlations for four replicate days of monitor wear for comparability with previously discussed ACT24 results. Evaluating PAEE, the Crouter (24) and Soj3x (25) methods calibrated with 18 to 30 and activities of everyday living including walking and running, coupled with more sophisticated prediction models had modestly stronger correlations (r = 0.64-0.65) than methods which used only linear models derived from three ambulatory activities (Freedson, r = 0.59; Sasaki, r = 0.54). There was a suggestion of marginally higher correlations for active and sedentary time for methods that used three-dimensional acceleration signals (Sasaki, Soj3x) compared with methods using vertical acceleration (100VT, Crouter). Both of these findings are consistent with Lyden (25) who used direct observation as a reference. Similarly, Kim et al. (38) reported validity estimates (phi) for sedentary time of 0.89, 0.72, 0.61, and 0.54 for activPAL, Soj3x, 100VT, and Crouter, respectively using a wearable camera for reference. Newer movement metrics derived from raw acceleration signals compared to the activity count-based methods we used here have shown better performance in a laboratory studies (e.g., (39) ), but rigorous testing of these methods in free-living study samples versus strong reference measures remains limited, making comparison to this study difficult. Interestingly, we found that the most sophisticated calibration/modeling method (Soj3x) had modestly higher correlations than simpler methods in women, but not in men. Reasons for this are not clear, but it may be that the suite of activities used by Soj3x was a better match for the daily activities of women than men. Additional research is needed to confirm and better understand this finding, and to understand the potential improvements associated with modeling raw acceleration data.
Studies that have used measurement error models to estimate attenuation factors for questionnaires are relatively few, and variation in the questionnaires tested, measurement error models fit, and the reference measures used make comparison challenging. To simplify comparison between previous studies and this one, we calculate RR obs for a true RR of 4.0 using attenuation factors reported in previous studies (i. Collectively, these findings and our results suggest that either ACT24 or ActiGraph measures can identify stronger true associations than past year questionnaires.
Decisions about whether ACT24 or an accelerometer are optimal for future studies depend on the etiologic question of interest and the resources available to administer the measures in large populations. Such studies can be very large (e.g., N = 200,000) and often strive to enroll participants in a short period (e.g., 3 yr). In this context, rates of accrual can exceed 1000 participants per week, which require a substantial allocation of study resources to complete accelerometer-based measures in all participants. Although ACT24 has better measurement properties than many questionnaires and would provide greater contextual detail about specific types of activity than ActiGraph, the more sophisticated accelerometer measures had less overall error and would provide more granular time-stamped data. Accelerometers are being implemented in increasingly large studies, such as the UK Biobank (n = 100,000), but the costs of administering devices in such studies can still be a major challenge and ACT24 could be a less expensive alternative. The present study demonstrated that it is possible to collect large numbers of high quality self-administered previous-day recalls using ACT24, but additional research is needed to refine and optimize its application in larger prospective studies.
This study had several strengths and limitations. Its strengths include a large sample-size and a 12-month study period, use of two strong reference measures which largely provided convergent results, evaluation of two different approaches to self-report and a variety of ActiGraph data analysis methods specifically selected to represent evolution of the device over 20 yr. Although our modeling approach accounted for intraindividual variation in our reference measures and allowed us to test measures on a per replicate basis, the modest sample size for the DLW replicates could have reduced our precision of the intraindividual variation in these measures. Additionally, we imputed nonwear time during the waking day so that differences observed between instruments would reflect the underlying measurement properties of each instrument, rather than differences in missing/nonwear time. See Figure, Supplemental Digital Content 8, Description of imputation results, http://links.lww.com/MSS/B45 for comparison of the original and adjusted mean duration values. Imputation had minimal impact on the correlation and attenuation results. Further limitations include use of a convenience sample of healthy mostly nonobese adults, only one physical activity questionnaire to assess past year behavior, and only one type of accelerometer worn on the waist that did not collect raw acceleration data. Also, our comparisons of activPAL and ActiGraph were for total duration of sedentary and physically active time accumulated over the day. It may be that the pattern of accumulation as measured by each instrument was more different than our results for total duration indicates. Lastly, the reference measure (Soj3x) we used to evaluate ACT24 and AARP for light and moderate-vigorous intensity activity has only limited validity information for these metrics (25) , so our results should be interpreted accordingly.
In conclusion, in this large study evaluating three different methods for measuring physical activity and sedentary behavior we found evidence that the AARP questionnaire can rank order participants but that physically active and sedentary time were substantially underestimated, perhaps due to incomplete coverage of these behaviors. In contrast, replicate measures of a previous-day recall (ACT24) and an accelerometer (ActiGraph) provided more accurate and thus more comprehensive estimates of these behaviors and had higher correlations and attenuation factors indicating less overall measurement error. This study provides important new evidence that new improved measures can overcome the two main limitations of traditional questionnaires that limit further progress in our field. Application of these new methods could lead to key scientific advances that would inform future public health recommendations.
